arXiv:l502.00810v2 [cond-mat.str-el] 19 Mar 2015 


Magnetic Single Domain State of the Monochiral Helimagnet MnSi 
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Attention is drawn to a possibility to obtain the monochiral helimagnet MnSi in a magnetic single 
domain state (SDS) in zero magnetic field limit. It is shown that this metastable zero field magnetic 
SDS can be achieved by gradual decrease of the field down to zero after initial transformation of MnSi 
to a spin-polarized state in high fields H. This can be achieved only for H || [111]. Investigations of 
MnSi in magnetic SDS give us a possibility to determine the two components of low field magnetic 
susceptibility of this compound, X-l(T) an d X||(T) [X-i and X|| correspond to H 1 and H || (111)- 
plane containing magnetic moments in helically ordered state]. These results are compared with 
macroscopic magnetic susceptibility of MnSi earlier determined for this compound only in magnetic 
multi domain state (MDS). In addition our results are compared with the data reported for some 
non-monochiral helimagnets. Characteristic features of monochiral helimagnets are elucidated. 

PACS numbers: 75.30.Kz,75.25.-j,75.30.-m,75.60.Ej 


I. INTRODUCTION 

Chirality is one of the basic properties of a nature. If 
a substance is chiral, its various properties may be in¬ 
fluenced by chirality. Magnetic properties of chiral mag¬ 
netic structures (helimagnets) were extensively investi¬ 
gated since 1959A At the beginning non-monochiral he¬ 
limagnets were studied, e.g., metal oxides of Mn 02 type 
and heavy rare earth metals (having equal population of 
magnetic domains with left and right associated handed¬ 
ness). Then investigations of a monochiral helimagnets 
(e.g., MnSi) with quite different origin of chirality^ be¬ 
gan. In this Paper we try to elucidate (on an example of 
MnSi) some characteristic features inherent to magnetic 
behavior of monochiral helimagnets. 

MnSi is a long-period helimagnet with chiral magnetic 
structure formed below transition temperature Tn ~ 
29 Magnetic structure of MnSi is actually monochi¬ 
ral due to its rigorous relation with particular crystallo¬ 
graphic handedness of each MnSi sample^—. Magnetic 
ordering^ - — as well as magnetic phase diagra m 11 ' 14- — 
of MnSi and some related B20 noncentrosymmetric cu¬ 
bic compounds were extensively studied. Magnetic helix 
in MnSi is characterized by wave vector Q directed in 
magnetic field H = 0 along [111], magnetic moments 
being located in ferromagnetic (FM) planes perpendicu¬ 
lar to Q. Directions of magnetic moments in adjacent 
FM (lll)-type planes are turned by small angle form¬ 
ing a long-period helix. A model based on an hierarchy 
of three types of interactions [ferromagnetic isotropic ex¬ 
change interaction; antisymmetric Dzyaloshinskii-Moriya 
interaction (DMI), connected with lack of inversion sym¬ 
metry; and anisotropic exchange interaction] describes 
main features of magnetic ordering of these compounds 
fairly wel&— 

Previous magnetization studies have shown that M(H) 
of MnSi in the ordered state is close to linear for 
H < Hc 2 (T) and abruptly changes slope in higher 
fields^ -10 ' 12 ' 16 ' 17,23 ^ 4 .. This sharp turn is a consequence 


of a transformation to a spin-polarized (’’induced ferro¬ 
magnetic”) state at H > Hq 2 - Some anomalies were ob¬ 
served in M(H) dependencies of MnSi at much smaller 
fields Hqi{T) which are usually attributed to formation 
of magnetic single domain state (SDS) by rotating of Q 
of all magnetic domains towards H^ ' 14 ' 15 ' 25 ' 26 (four di¬ 
rections of Q of the type [111] are crystallographically 
equivalent). A decrease of H (after transformation to 
SDS) leads usually to (partial) reconstruction of mag¬ 
netic multidomain state (MDS)^. To the best of our 
knowledge no indication on a possibility to obtain MnSi 
in magnetic SDS in the zero field limit was reported so 
far. Magnetization study of MnSi described in this Paper 
unexpectedly shows that: (1) magnetic SDS of MnSi can 
be obtained at H = 0; (2) this can be achieved only for 
H initially parallel to [111]. 

At temperatures few degrees above Tn (namely T > 
33 K) MnSi behaves like a typical paramagnet (PM) 
above FM Curie temperature. Magnetic susceptibil¬ 
ity X (T) of MnSi is well described by Curie-Weiss law 
x(T) = C/(T — 9) with positive 9 ss Tn and effective 
magnetic moment p e s — 2.2 p b (saturation magnetic mo¬ 
ment is appreciably smaller, ~ 0.4 /zg)2ilfi. Only just 
above Tn x(T) deviates considerably from this depen¬ 
dence (diverging at T = 9) and remains finite at T = Tn- 
In the ordered state of MnSi x{T) decreases rapidly just 
below Tn and flattens at lower T forming an anomaly 
clearly visible around Tn- This rather sharp anomaly in 

x(T) is basically considered as an intrinsic for MnSi, see, 
e g U TS.16.27 

In this Paper it is shown that x(T) dependence de¬ 
scribed above is actually connected with a magnetic 
MDS of MnSi samples for which an averaged macro¬ 
scopic magnetic susceptibility was usually measured, see, 
e.g. ) 11 ' 13 ' 16 ' 27 . Determination of the two components of 
magnetic susceptibility x_l(T) and X||(T) (correspond¬ 
ing to H 1 and H || (lll)-plane containing magnetic 
moments^) of MnSi in SDS gives results quite different 
from the described above for the case of MnSi in MDS. 
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X±(T) remains practically constant below Tn whereas 
X||(T) experiences a clear decrease. This behavior of 
magnetic susceptibility of MnSi resembls to some extent 
a behavior of two components of magnetic susceptibil¬ 
ity of collinear easy axis antiferromagnets (AFM). This 
result is significant not only for understanding intrinsic 
magnetic properties of MnSi as well as a behavior of a 
single magnetic helix in this compound but also can be an 
important background for a description of the so called 
A-phase having a complicated structure of helixe s 11 ^ 5 ’ 29 . 

The obtained results are also compared with ones re¬ 
ported for some other magnetic materials including non- 
monochiral helimagnets whose magnetic ordering is not 
generated by DMI. 

II. EXPERIMENTAL 

A cubic sample with faces parallel to (110), (110) and 
(001) (edges ~ 3 mm) was cut from MnSi single crystal 
batch grown by Bridgman technique. Magnetization was 
measured by ” Lake Shore Cryotronics” vibrating sample 
magnetometer with transverse configuration of magnetic 
field and a possibility to rotate a sample holder. M(H) 
measurements were performed at 5.5 K < T < 35 K for 
H || [111], [001] and [110]. M(H) was usually measured 
after zero field cooling with H varying from 0 to llkOe 
and back to 0. Temperature was measured with accuracy 
better then 0.1 K. Temperature stability during M(H) 
runs was better then 0.05 K. Magnetic ordering temper¬ 
ature Tn (determined at a maximum in 8\(T) / 8T slope, 
see MDS data in Fig. []} was found to be 28.8 K, which 
coincides with Tn determined in Ref. [3^ at a maximum of 
specific heat of another sample cut from the same batch. 


III. RESULTS AND DISCUSSION 

Some representative examples of M(H) curves for H || 
[111] are shown in Figs. [I] and [2] M(H) dependencies 
determined for H || [001] at the same temperatures as in 
Fig. [H are shown in Fig. [3] Upper panels of figures show 
M(H) as well as 8M(H)/8H up to the maximal field. 
[8M(H)/8H was determined by numerical differentiat¬ 
ing of M(H). The level of uncertainty of this derivative 
is rather small due to a smooth variation of magnetic 
moment with field and high precision of magnetization 
measurements. It may exceed the width of correspond¬ 
ing lines in these figures only in several times. Magnetic 
field steps used in the experiments give a possibility to 
catch clearly all the observed anomalies in the M(H) and 
dM(H)/dH dependencies.] Lower panels show expanded 
views for smaller fields. Results for H || [110] are quali¬ 
tatively similar to ones for H || [001] and have not been 
shown for brevity. 

M(H) dependencies are close to linear at H < (4 — 
6) kOe and abruptly change slopes for higher fields. This 
is connected with transformation to the spin-polarized 


stated Some nonlinearities can be also 

seen in M(H) for smaller H (see lower panels of Figs. [Ti¬ 
ll. More clearly these nonlinearities are visible on 
8M(H)/8H curves. Maxima in 8M(H)/8H (denoted 
in lower panels by vertical arrows) is related with trans¬ 
formation of MnSi to magnetic SDS (earlier this transfor¬ 
mation was observed by neutron diffractionM). Although 
anomalies in comparable fields were observed by various 
method a^-" ! —~ — , our systematic study oiM(H) in wide 
temperature range and for all three principal directions 
of magnetic field has shown that Hci depends essentially 
on temperature as well as on the direction of magnetic 
field (it varies from, e.g., 80 Oe for T = 27.5 K and H || 
[111] to 1.3 kOe for T = 5.5 K and H || [001]). On the ba¬ 
sis of these results magnetic phase diagrams of MnSi were 
substantially refined especially at low H 1 see Refs.[20l and 
M f° r details. 

For the purposes of this paper it is important that 
M(H) and 8M(H)/8H dependencies are essentially ir¬ 
reversible at 5.5 < T < 27.4K for H || [111], see Fig. |T| 
For T = 5.5 K virgin M(H) curve, starting from H = 0, 
has a smaller slope than M(H) for decreasing H (after 
reaching H = llkOe), the value of 8M(H)/8H being 
practically constant for decreasing field for H < 6 kOe. 
The ratio of the two slopes tani^i/ tan (^2 for T = 5.5 K 
and H || [111] [(1) - for virgin M(H) curve and (2) - 
for decreasing H] equals 0.71 ± 0.02. Constant slope of 
M(H) for decreasing H means obviously that the sample 
remains in magnetic SDS down to H = 0. 

Magnetic behavior remains qualitatively very similar 
for 5.5 < T < 27.4 K, Fig. [Q but changes drastically 
in the vicinity of Tn, see Fig. [2] For 27.6 < T < 
28.8 K = Tn M(H) curves became practically reversible. 
Only a slight irreversibility in low fields can be seen at 
T = 28.6 K for 8M(H)/8H curve shown in Fig. [2b- That 
means that close to Tn the magnetic SDS experiences 
back transformation to MDS with decrease of magnetic 
field even for H || [111]. As expected, magnetization is 
perfectly reversible at temperatures above Tn, even at 
T = 29.0 K = T N + 0.2 K, see Fig. [2b. 

For temperatures just below Tn (e.g., for T = 28.6 K, 
Fig. (2b) two other anomalies appear for 8M(H)/8H de¬ 
pendence at H « 1.2 and 2.0 kOe. These anomalies are 
connected with crossing the border of so-called A-phase, 
see Refs. ED and ED. Interestingly that for H || [111] the 
temperature interval for which reversible behavior was 
observed in the ordered state at small fields practically 
coincides with temperatures for which A-phase can be 
seen an higher fields. Probably this coincidence is not 
accidental and may be connected with intrinsic behavior 
of magnetic helices in this compound. Magnetic behav¬ 
ior of MnSi in the A-phase will be described and com¬ 
pared with k-flop^ as well as with skyrmion22 models 
elsewhere. 

At the same time magnetic behavior of MnSi is close to 
reversible at all temperatures for two other principal di¬ 
rections of magnetic field, H || [001] (Fig. [3]) andH || [110] 
(not shown in the figures), especially in low fields. This 
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FIG. 1. (Color online) (a) Magnetization M(H) (left axis) 
and dM/8H(H) (right axis, pointed by thick arrows for clar¬ 
ity) of MnSi for H || [111] at T = 5.5 K - full line (red online) 
and at T = 27.2 K - dashed line (blue online). Full squares 
(red online) and full triangles (blue online) represent the ex¬ 
perimental data, the lines connecting symbols are guides for 
eye. The sequence of H variation is shown by thin arrows 
for dM/dH(H) and T = 5.5 K only, (b) Expanded view for 
H < 2 kOe [M(H) is shown for T = 5.5 K only]. Vertical 
arrows indicate fields He i- The dashed line at panel b) (green 
online) represents initial M(H) slope for increasing field. 


is quite different from the results for H || [111] described 
above. Almost reversible M(H) for these directions of 
magnetic field means that, after initial transformation to 
magnetic SDS, decrease of H leads to the back transfor¬ 
mation to MDS. The fact that MnSi can be obtained in 
magnetic SDS in the zero field limit for H || [111] only 
is connected most probably with [lll]-type orientation 
of the helix wave vector Q at H = 0 in this compound. 
At the same time an increase of magnetic fluctuations 
at temperatures just below Tn can lead to reversible be¬ 
havior at these temperatures even for H || [111] due to a 
global instability of SDS in MnSi near Tn. 

Although magnetic behavior of MnSi below Tn de¬ 
pends to some extent on the direction of H, M(H) curves 
at loyyfields are qualitatively similar to ones proposed in 
Ref.HU (and Ref.f^ for the case of low anisotropy) for he¬ 
licoid with Q gradually rotating with increase of field to 
the direction of H. Comparison of our results with these 
models as well as with the data reported earlier for the 


FIG. 2. (Color online) (a) Magnetization M(H) (left axis) 
and dM/dH(H ) (right axis) of MnSi for H || [111] at 
T = 28.6 K = Tn — 0.2 I< - full line (purple online) and at 
T = 29.0 K = Tn + 0.2 K - dashed line (navy online), (b) Ex¬ 
panded view for H < 0.4 kOe [M(H) is shown for T = 28.6 K 
only]. Details are the same as for the Fig. [l] 


related compounds Fe(Co)Si will be discussed elsewhere. 

Obtaining of MnSi in magnetic SDS gives a possibility 
to determine a X_l(T) (corresponding to H perpendicular 
to the magnetic planes, i.e. H || Q, see Ref. 28). For this 
purpose it is necessary to determine correctly the values 
of dM(H)/8H for MnSi in SDS, e.g., by using H ^ 0 for 
decreasing fields at H || [111] after initial transformation 
to the spin polarized state in high fields. The results are 
shown in Fig. by full squares (blue online). 

The dip in this dependence just below Tn is worthy of 
notice. At the same time linear extrapolation of x_l(T) 
obtained from the data at T < 20 K (shown by dashed 
line) intersects with \_l(T) in paramagnetic state at T « 
29.0 K, i.e., very close to Tn- This gives an idea that this 
dip may be connected with an incorrect determination 
of x_l(T) in the narrow region just below Tn, namely 
at 27.6 < T < 28.8 K [related simply with reversibility 
in M(H) of MnSi at these temperatures and, therefore, 
MDS instead of the required for a correct determination 
of X-L (T) single domain state], correct x_l(T) being close 
to the linear extrapolation described above. 

To demonstrate this it is necessary to determine cor¬ 
rectly X_l(T) not only at 5.5 < T < 27.6 K [as described 
above for region with irreversible M(H)\, but also at 
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FIG. 3. (Color online) (a) Magnetization M(H) (left axis) 
and dM/dH(H ) (right axis) of MnSi for H || [001] at T = 
5.5 K - full line (red online) and at T = 27.2 K - dashed line 
(blue online), (b) Expanded view for H < 2 kOe [M(H) is 
shown for T = 5.5 K only]. Details are the same as for Fig. |T] 


27.6 < T < 28.8 K with reversible M(H) behavior. It 
can be done for this temperature interval from M(H) 
data at H > HciiT) ~ 80Oe, i.e., at fields sufficiently 
high for MnSi to be in SDS. We have used H = 400 Oe 
for this procedure [x_l(T) = dM(H)/dH , shown by open 
circles (red online) on Fig.QJi] because transition to mag¬ 
netic SDS is rather broad [see dM(H)/dH curve for 
T = 27.2 K on Fig.CQr]. 

Values of X_l(T) determined by the two methods de¬ 
scribed above are very close for T < 24 K and practically 
coincide in paramagnetic state, see Fig. 0 }j. Therefore 
the data shown by open circles (red online) in Fig. [fji 
can be considered as X'J-(^) dependence really intrinsic 
for MnSi. 

The next step is a determination of X|| (T) (correspond¬ 
ing to H || (lll)-plane, i.e., H1Q, see Ref. 28). X||(D 
can be easily determined from y±(F) and the averaged 
macroscopic magnetic susceptibility x{T) (obtained in 
magnetic MDS) using equation x(^) = l/3x_i_(r) + 
2/3x||(T) valid for virgin magnetic MDS of cubic sin¬ 
gle crystal (for any direction of H) as well as for poly¬ 
crystalline MnSi. Results are shown in Fig.@J) by open 
diamonds (olive online). 

Thereby both components of magnetic susceptibility 
of MnSi, X_l(F) and X||(^)> i n magnetic SDS have been 


experimentally determined for 5.5 < T < Tn- Pay atten¬ 
tion to a considerable difference with x(F) obtained in 
magnetic MDS (shown by open down triangles) that was 
considered as intrinsic for MnSi for a long time (since the 
very first measurements of y(T) of MnSi, see, e.g., Refs. 

il and©- 

It is interesting to note that the ratio X||/x± — 0-56 
at T = 5.5 K corresponds to the ratio of M(H) slopes in 
MDS and SDS tan ip\/ tan</52 = 0.71 (see Figs. [T] and [3]) 
observed for H || [111] as well as for H || [001]. This is 
connected with the existence of four types equally pop¬ 
ulated magnetic domains with Q vectors directed along 
four space diagonals of MnSi cube structure. For H || 
[111] magnetization of the domain with Q || [111] is de¬ 
termined by x_l only, whereas magnetization of each of 
three other types of domains is determined by both com¬ 
ponents of x- Elemental calculation in the assumption of 
equally populated magnetic domains gives the value of 
the ratio of M(H ) slopes 0.71 if X||/X-L = 0.56. 

The ratio X||/X-L vs - T is shown in Fig.[5[i. This ra¬ 
tio decreases dramatically near Tn and reaches a value 
of 0.7 at T = 27.6 K = T g . A nature of the small dip 
in x\\(T)/X-l{T) at T = T g is not clear so far. It could 
be mentioned only that a reversible behavior of M(H) 
for H || [111] in small fields as well as an appearance of 
A-phase in higher fields are observed at the same tem¬ 
perature interval (T g — Tn ). 

The drop in x\\/x± vs - T is connected with steep de¬ 
crease of x|| (T) and practically constant X-l(F) near Tn- 
At further cooling (below T g ) X\\(T)/x±(T) decreases 
more gradually and reaches 0.56 at T = 5.5 K. Sharp de¬ 
crease of X|| (T) below Tn can be characterized as a rapid 
increase of perpendicular (H _L Q) magnetic stiffness of 
a helix. Temperature interval (T g — Tn) may be consid¬ 
ered as a region where magnetic helix is forming when T 
decreases near Tn- As far as we know there is no theory 
describing ay(T) dependence for monochiral helimag- 
nets. In Ref.]15| it is only pointed out that perpendicular 
(with respect to Q) component of x [X|| (T) in our nota¬ 
tion] should be 0.5 of the value of longitudinal one for 
T = 0 and that this is connected with DMI interaction. 
Our results for the ratio X\\/x± — 0-56 at T = 5.5 K are 
rather close to one obtained in this theory^. 

It is of interest to compare the dependence of X\\/x± vs - 
T observed for MnSi with the data reported for some ma¬ 
terials with different types of magnetic order [see Fig. [5jo] 
of which MnF^ is a collinear easy axis AFM; MnO - 
collinear planar AFM for which existence of S (spin ro¬ 
tation) domains should be taken into account^; GdB 4 
- non-collinear planar AFM^, and Mn 02 - helicoidal 
( non-monochiral ) magnet whose ordering is described by 
a model with three exchange integrals^. The behavior of 
MnSi near and just below Tn is very different from ones of 
these compounds, see Fig.[SjD. At T/Tn -4- 0 X|| /x± 0 

for systems with a collinear magnetic ordering. For non- 
collinear magnetic structures X|| /X-L ratios may be even 
comparable to 1. 

A model describing X||/X-L vs - T f° r antiferromagnets 
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FIG. 4. (Color online) Magnetic properties of MnSi for H || 
[111], (a) 8M / 8H(T) determined at H —>• 0 for increasing 
field - virgin curve (open black triangles connected by dotted 
line); 8M / 8H(T) determined at H — > 0 for decreasing field - 
back run after H = 11 kOe (full squares connected by solid 
line, blue online); 8M/8H(T ) determined at H = 400 Oe 
{H = 400 Oe > Hci ~ 80 Oe for 27.5 K < T < T N ) for 
decreasing field (open circles connected by solid line, red on¬ 
line). Dashed straight line (blue online) is drawn through full 
squares at 5.5 < T < 20 K and extrapolated to higher T. (b) 
8M/8H(T) of MnSi in a SDS for H _L (lll)-plane [open cir¬ 
cles connected by solid line (red online) - the same data as in 
the panel a)] and H || (lll)-plane [open diamonds connected 
by solid line, olive online]. Results for MDS is also shown by 
open black triangles connected by dotted line. 
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FIG. 5. (Color online) (a) X||/x~l l, s. T for MnSi. x±(T) was 
determined as (1) 8M(H)/8H at H = 400 Oe (open circles) 
and (2) extrapolated to H = 0 8M(H)/8H data in SDS (full 
circles). M(H) back runs data at H || [111] were used in both 
cases, (b) Comparison of X||/X-L vs T/Tn for MnSi with data 
reported for MnFa^, MnO (upper curve - directly measured 
results, lower - derived for collinear structure taking into ac¬ 
count existence of S domains^), GdB^^, Mn02r-. Data for 
MnSi are the same as in the Fig. [5ji. 


IV. CONCLUSION 


from general grounds has been reported recentl y 38 ' 39 . It 
describes the observed dependencies of X\\/x± vs ■ T f° r 
collinear and non-collinear AFMs quite well. For non- 
collinear orderings at T = 0 this model gives X||/X-L from 
0.1 to 1. For helicoidal MnC >2 it gives « 0.76 that is close 
to the observed 0.78 (see Ref.1371). An attempt to apply 
formally the results of Ref.l38l to MnSi gives xii/X-L close 
to 0.1 due to the long period of magnetic helicoid in this 
compound. This differs a lot from the observed value of 
0.56. It is one more (in addition to the behavior of X||/x± 
near Tn as well as to a tendency to form an A-phase) in¬ 
dication on a different nature of monochiral helical order 
in MnSi in comparison with, e.g., non-monochiral MnC> 2 . 


In summary, it was demonstrated that a magnetic sin¬ 
gle domain state in MnSi can be obtained even in the 
zero magnetic field limit. Measurements in SDS allowed 
us to determine (for the first time) two principal com¬ 
ponents of magnetic susceptibility X||(^) an d X-l(^) of 
MnSi. The obtained results are quite different from the 
behavior of an averaged macroscopic magnetic suscepti¬ 
bility of this compound reported so far. The observed 
dependence of X||/X-L vs - T is proved to be very different 
from the data reported for magnets with dissimilar types 
of magnetic ordering (including non-monochiral helical 
order). This difference elucidate the characteristic fea¬ 
ture of MnSi probably inherent also for other monochiral 
helimagnets. 
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